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ABSTRACT  
   
I studied the properties of novel Co2FeAl0.5Si0.5 (CFAS), ZnGeAs2, and FeS2 
(pyrite) thin films for microelectronic applications ranging from spintronic to 
photovoltaic.  
CFAS is a half metal with theoretical spin polarization of 100%. I investigated its 
potential as a spin injector, for spintronic applications, by studying the critical steps 
involved in the injection of spin polarized electron populations from tunnel junctions 
containing CFAS electrodes. Epitaxial CFAS thin films with L21 structure and saturation 
magnetizations of over 1200 emu/cm
3
 were produced by optimization of the sputtering 
growth conditions. Point contact Andreev reflection measurements show that the spin 
polarization at the CFAS electrode surface exceeds 70%. Analyses of the electrical 
properties of tunnel junctions with a superconducting Pb counter-electrode indicate that 
transport through native Al oxide barriers is mostly from direct tunneling, while that 
through the native CFAS oxide barriers is not.   
ZnGeAs2 is a semiconductor comprised of only inexpensive and earth-abundant 
elements. The electronic structure and defect properties are similar in many ways to 
GaAs. Thus, in theory, efficient solar cells could be made with ZnGeAs2 if similar quality 
material to that of GaAs could be produced. To understand the thermochemistry and 
determine the rate limiting steps of ZnGeAs2 thin-film synthesis, the (a) thermal 
decomposition rate and (b) elemental composition and deposition rate of films were 
measured. It is concluded that the ZnGeAs2 thin film synthesis is a metastable process 
with an activation energy of 1.080.05 eV for the kinetically-limited decomposition rate 
and an evaporation coefficient of ~10
-3
. The thermochemical analysis presented here can 
ii 
be used to predict optimal conditions of ZnGeAs2 physical vapor deposition and thermal 
processing.  
Pyrite (FeS2) is another semiconductor that has tremendous potential for use in 
photovoltaic applications if high quality materials could be made. Here, I present the 
layer-by-layer growth of single-phase pyrite thin-films on heated substrates using 
sequential evaporation of Fe under high-vacuum followed by sulfidation at S pressures 
between 1 mTorr and 1 Torr. High-resolution transmission electron microscopy reveals 
high-quality, defect-free pyrite grains were produces by this method. It is demonstrated 
that epitaxial pyrite layer was produced on natural pyrite substrates with this method. 
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Chapter 1 
INTRODUCTION  
At the Fermi level, half metal ferromagnets (HFMs) have a metallic band 
structure in one spin channel and a semiconductor energy gap in the other [1, 2]. Thus, 
HFMs have 100% spin polarization at the Fermi level [3]. Since the electrode’s spin 
polarization can limit the spin injection efficiency of spintronic devices, HFMs proposed 
as ideal candidates for these applications [4, 5]. However, the injection efficiency of most 
HFMs measured to date is far below 100% and is strongly temperature dependent [4]. 
This presumably arises from the presence of spin-wave excitations and the narrow energy 
separation between the Fermi level and one, or both, of the minority channel band edges 
[4].  
In the next chapter, I reported the results of study to explore spin injection from 
the Heusler alloy Co2FeAl0.5Si0.5 (CFAS). Since the Fermi energy of the majority spin 
channel in CFAS is predicted to lie in the middle of the large minority band gap [6], both 
the polarization at the surface and the injection efficiency at room temperature are 
expected to be very high. In my effort to understand and enhance spin injection, I have 
systematically (a) optimized the magnetic properties of CFAS thin films, (b) evaluated 
the spin polarization at the surface using the point contact Andreev reflection (PCAR) 
method and (c) determined the fraction of direct tunneling from tunneling spectroscopy 
measurements using a superconducting Pb counter-electrode. 
2 
Major obstacles for using solar energy as a primary source of electricity are the 
production costs, toxicity, and availability of rare elements for current photovoltaic 
devices made of crystalline Si, CIGS [(CuIn)xGa1-xSe2], and CdTe [7]. Therefore, the use 
of earth abundant elements is essential to meet a terawatt-scale production target for an 
affordable electricity supply using photovoltaic devices [8].  
II-IV-V compounds have attractive material properties including appropriate band 
gaps for photovoltaic, high photon absorption, and defect robustness [8]. ZnGeAs2 films, 
from this group, possess hole mobility of greater than 50 cm
2
/V·sec [9-11], minority 
carrier lifetimes of ~150 ns [12], band gap of 1.1 eV, and a lattice constant match to Ge 
and GaAs. These properties, in conjunction with the natural abundance of its constituents, 
suggest that this material is a good candidate to make low-cost, efficient photovoltaic 
cells [8]. In the third chapter, I presented the thermochemistry and growth optimization 
for ZnGeAs2 semiconductor compound for photovoltaic applications. 
Pyrite (FeS2), a semiconductor composed of inexpensive, non-toxic elements, has 
a bandgap of ~0.95 eV [13] and an absorption coefficient (6.5×10
5
 cm
-1
) higher than 
conventional direct bandgap semiconductors, including GaAs [14]. These facts have 
inspired scientists to consider pyrite as a potential candidate for terawatt-scale 
photovoltaic systems [7, 13, 14]. However, there has been limited progress synthesizing 
thin films of sufficient quality to produce efficient solar cells, largely due to high S 
pressure needed during synthesis. In the fourth chapter, I described a layer-by-layer 
growth technique that produces high-quality, high-purity and epitaxial pyrite thin films 
3 
using sequential evaporation of Fe under high vacuum followed by sulfidation at 
pressures 1 mTorr and compare the results with those using traditional MBE growth. 
  
4 
Chapter 2 
SYNTHESIS AND CHARACTERIZATION OF CO2FEAL0.5SI0.5, A NOVEL HALF 
METAL THIN FILM FOR SPINTRONIC APPLICATIONS  
2.1. Introduction 
Half metal ferromagnets (HFMs) are materials which can be considered hybrids 
between metals and semiconductors. At the Fermi level, they have metallic band structure 
in one spin direction and a semiconductor energy gap in another direction [1, 2]. Electron 
spin polarization (P) is defined as the ratio of the density of up-spin and down-spin states 
at the Fermi level (Ef), eq. 1 [15]. Thus, HFMs have 100% spin polarization at the Fermi 
level (EF) [4].  
P=(D( EF)-D( EF))/ (D( EF)+D( EF)) eq. 1 
The efficiency of spin-dependent devices, such as magnetic sensors and magnetic 
random access memories, will be maximized if the current is 100% spin polarized [4, 5]. 
Therefore, HFMs have been proposed as ideal candidates for spintronics [4]. However, 
all the so far reported HFMs show strong temperature dependence of their spin 
polarizations, which limits their practical applications [4]. The temperature dependence is 
mainly due to spin-wave excitation and narrow energy separation between the majority 
channel Fermi level and the minority channel conduction or valence band edge [4].  
Recently, Co-based full-Heusler alloys Co2YZ (Y: transition metal, Z: main group 
element) have been given considerable attention, since they are predicted to be HFMs 
5 
even at room temperature as a result of their high magnetization and high Curie 
temperature [5, 6]. A promising candidate from this family is Co2FeAl0.5Si0.5 (CFAS), 
since it is theoretically estimated that the majority channel EF for CFAS lies in the middle 
of the large minority channel band gap, minimizing the temperature dependence of spin 
polarization [6].  
Properties of the devices mentioned above are sensitive to the spin polarization of 
ferromagnetic electrodes, barrier materials, and structures of the interface between the 
barrier and electrodes [4-6]. Therefore, experimental measurements of spin polarization 
(P) and characterization of the barrier are important for understanding these materials.  
Spin polarization can be measured by fabricating a magnetic tunneling junction 
(MTJ) which consists of two ferromagnetic layers separated by a tunnel barrier 
(insulator), schematically shown in Fig. 1-a. Then the tunneling magnetoresistance 
(TMR) effect can be adopted to evaluate spin polarization [4]. TMR can be determined 
by measuring Rap and RP, the tunnel resistance when the magnetizations of the two 
electrodes are aligned antiparallel and parallel respectively. The parallel configuration 
has lower resistance than the antiparallel configuration, Fig 1-b. Julliere's formula, eq. 2, 
can be used to estimate the spin polarization of the electrodes from TMR measurements. 
P1 and P2 are the electron spin polarization of the top and bottom electrodes [4-6].  
TMR=(Rap-Rp)/ Rp =P1P2/(1-P1P2) eq. 2 
6 
Fig. 1. Schematic of a) magnetic tunneling junction structure (MTJ) [16], b) current 
passing through MTJ when it has parallel and antiparallel configuration [17]. 
However, the P value inferred from the TMR measurements analyzed using the 
above formula can contain large errors due to the uncertainty in the assumed degree of 
spin polarization of the counter-electrode, and the influence introduced by an interfacial 
effect. Therefore, the P values may differ from the intrinsic spin polarization of the 
electrode materials [18]. In addition, TMR measurement is challenging to perform, since 
the sample must be incorporated into a high-quality pinhole-free tunnel junction [19]. 
Spin-polarized photoemission spectroscopy can also be used to directly measure the spin 
polarization, but is very sensitive to the surface quality and currently lacks the required 
energy resolution (1 meV) [19]. Another technique that can be used for spin polarization 
measurement is point contact Andreev reflection (PCAR) [19-21]. It is a simple method 
to measure P based on Andreev reflection phenomenon by touching a superconductor 
probe to the surface of sample, Fig. 2-a. Andreev reflection is a process that occurs at the 
interface between a metal and a superconductor without any oxide or tunnel-barrier layer 
in between. In this phenomenon, if the superconductor is in contact with a normal metal 
(a) (b) 
7 
having P=0 (equal density of spin down and up), an incident electron with an energy less 
than the superconducting energy gap at the interface forms a Cooper pair by reflecting a 
hole with opposite spin orientation at the interface. Once the Cooper pair forms it can 
pass into the semiconductor, which allows super-current to flow at low voltages (Fig 2-
b). In contrast, if the superconductor contacts a ferromagnet with a P=1 (only one spin 
orientation available at the Fermi level), there is no available state for the opposite spin 
orientation in the ferromagnet and the hole (with opposite spin orientation respect to the 
incident electron) cannot be reflected. Therefore, the hole and the incident electron 
cannot combine to form a Cooper pair. Thus, no current will flow, and conductance 
drastically decreases at low voltages, Fig. 2-c. The advantage of this method is that it 
does not require any tunnel barrier, special surface preparation, or special sample 
geometry [19]. However, it can only be used in the temperature range in which the probe 
is superconducting. 
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Fig. 2. a) Schematic of point contact Andreev reflection (PCAR) technique for spin 
polarization measurement, with an example of PCAR result for superconductor probe 
(Nb) touching the surface of b) Cu (P=0), c) CrO2 (P=1) [19]. 
(a) 
(b) 
(c) 
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In this study, I investigated the effect of growth conditions on the structural and 
magnetic properties of CFAS thin films, and their spin polarization as measured by the 
PCAR method. In addition, the tunneling properties of native CFAS oxide and native Al 
oxide tunnel barriers deposited on the CFAS thin films were investigated. 
2.2. Experimental procedure 
CFAS films were prepared using magnetron sputtering in an ultra-high vacuum 
(UHV) chamber with a base pressure of 2×10
-8
 Torr. . Sputtering was performed using a 
stoichiometric CFAS (Co: 50%, Fe: 25%, Al: 12.5%, Si: 12.5%) target in 5 mTorr Argon 
gas at a plasma power of 100 W. MgO (100) and thermally oxidized silicon (SiO/Si 
(100)) were used as substrates. To compare and optimize the structural and magnetic 
properties of sputtered CFAS thin films, 1-step and 2-step processes were used. In the 1-
step process, CFAS was deposited at an elevated growth temperature (Tg) without any 
further processing. In the 2-step process, the films deposited at room temperature were 
subjected to an in-situ annealing at higher temperatures (Ta).  
Rutherford backscattered spectroscopy (RBS) measurements and analysis were 
used to infer the composition and thickness of the thin films. High resolution X-ray 
diffraction (PANalytical X’Pert PRO) was used for structural characterization. The 
magnetic properties of the films were characterized using a standard vibrating sample 
magnetometer (VSM) from 2 -1000 K (Quantum Design, Model PPMS with oven 
option). To analyze the surface quality and roughness of the thin films, an atomic force 
10 
microscopy (Veeco, Dimension 300) was used. Spin polarization of the CFAS films was 
measured by PCAR measurement and analysis at 4.2 K using a Pb probe.  
To investigate an alternative growth method, CFAS thin films were grown by 
pulsed laser deposition (PLD) in a UHV chamber with a base pressure of 510-7 Torr. A 
248 nm KrF excimer laser, pulsed at 10 Hz with an energy of 450 mJ/pulse, was used. A 
stoichiometric CFAS target was used. An Argon gas pressure was fixed at 5 mTorr 
during deposition.  
A tunnel junction device, schematically represented in Fig. 3, was fabricated to 
study the tunneling properties of the barrier. The layer structure consists of a strip of 
CFAS, deposited on MgO, on the bottom, a tunnel barrier layer in the middle, and strips 
of the superconductor (Pb), perpendicular to CFAS strip, on top. The CFAS layer was 
deposited under the optimized growth conditions (highest spin polarization), obtained 
from the growth and characterization of CFAS thin film. The tunnel barrier layer was 
obtained both by naturally oxidizing the CFAS layer in air and synthesizing an Al oxide 
layer
1
. To synthesize the Al oxide layer, the surface of CFAS layer was first cleaned by 
ion milling. Next, a 40 Å Al layer was deposited by thermal evaporation in the same 
chamber at a base pressure of 1.8×10
-8
 Torr. Oxidization of the Al layer was performed in 
air for 4 hours. The CFAS strip was fabricated by photolithography and etching with a 
reactive ion etcher (RIE) using Ar gas. A layer of Ge was deposited to prevent any 
unwanted shorting between the CFAS layer and the Pb layer during measurement at low 
                                                 
1
 The presence of metallic Al after oxidation will not significantly affect the tunneling measurements with 
the superconducting Pb electrodes. However, the Al thickness should be reduced to eliminate unwanted 
spin-flip scattering in the excess Al for spintronic devices 
11 
temperature. Finally, the Pb layer was fabricated on top using a shadow mask and thermal 
evaporation. The fabricated device was dipped in the liquid helium dewar and the 
electrical characteristics of the device were measured using a 4 point measurement in the 
geometry presented in Fig. 3-b. 
 
Fig. 3. Schematic of tunnel junction structure, a) side view, b) top view of the junction 
and the geometry of four point measurement. 
2.3. Results and discussion 
RBS results showed that the CFAS thin films grown by sputtering were 
stoiciometric with a thickness about 500 Å. Fig. 4 shows an example of the magnetic 
(a) 
(b) 
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hysteresis loops of CFAS sputtered thin films measured by VSM. As indicated in the 
plot, the magnetic properrties of the thin film, magnetization (Ms) and corsivity (Hc), can 
be derived form this plot.   
 
Fig. 4. Magnetic properties of CFAS films sputterd on MgO and SiOx/Si at RT, and then 
anneald in-situ at 600 C. 
Fig. 5-a and b show the effect of annealing temeprature on the magnetic 
properties of thin films synthesized with the 2-step procedure on MgO and SiOx/Si 
substrates, respectively. A high magnetization of ~1250 emu/cc was achieved with the 2-
step procedure on MgO substrate by annealing at 600 C.  As can be seen, magnetization 
increases with annealing temperaure, in general, independent of substrates type. This 
increase can be releated to the increase in degree of ordering with increasing annealing 
13 
temperature (Ta) [6]. As Ta increases from room temperature to 500 C, the corcevity of 
films drops gradually. However, as Ta is greater than 500 C, coercivity starts increaing 
rapidly. The film sputtered on SiOx/Si has a comparable Ms with the films sputtered on 
MgO, but, the coercivity is significantly higher, Fig 5-b.  The same trend has been 
reported by Wong et al. for CFAS films grown on MgO and SiOx/Si substrates with a 20-
nm MgO buffer layer [5, 6]. Fig. 6, compares the magnetic propertied vs. temperature of 
the thin films that I sputtered on MgO with the results published by Wang et al. on CFAS 
sputtered on Si with a 30 nm MgO buffer layer [5]. As can be seen, comparable Ms and 
higher Hc to the reported values  were obtained. 
14 
 
Fig. 5. Effect of annealing temperature on Ms and Hc of sputtered CFAS films on a) MgO 
and b) SiOx/Si substrate. 
(a) 
(b) 
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Fig. 6. Magnetic properties comparision between my exprimental results (circles) and the  
best reported results (diamonds) on CFAS thin films grown at RT and annealing in-situ at 
high temperature (2-step) [6]. 
To study the effect of susbtrate temperature on magnetic properties and crystal 
quality, CFAS thin films were sputtered at different substrate temperatures (1-step 
procedure). Fig. 7 shows the comparison between the magnetic properties of CFAS films 
prepared by the 1-step and 2-step processes. Films prepared by the 1-step procedure have 
comparable Ms to that of the 2-step procedure. However, the increase in Hc with 
increasing temperature is more sigificant for the 1-step procedure.  
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Fig. 7. Gorwth at high temprature (1-step, triangles) vs. growth at RT and annealing in-
situ at high temperature (2-step, circles). 
The magnetization vs. temperature characteristics was measured (Fig. 8) on a 
CFAS thin films, which exhibited excellent magnetic properties (i.e., inferred from 
hysteresis loop), prepared with the 2-step process at an annealing temperature of 600 °C. 
The magnetization of the CFAS thin films decreased by only 6% from 4.2 K to room 
temperature. The data were fit to the empirical equation, Ms/Ms0=(1-(T/TC)

)

, to model 
both the low temperature regime (T0), and high temperature regime (TTC). In this 
equation, Ms is the magnetization, Ms0 is zero-temperature magnetization, Tc is the Curie 
temperature, and  and  are fitting parameters. The magnetization value of 4.2 K were 
used for Ms0. The least squares fit to the data gives a Curie temperature of ~ 1150  50 K, 
with the best fit to the experimental data when the fitting parameters  and  are set to 
17 
1.5 and 0.45, respectively. This results are in agreement with predicted high Curie 
temperature value of >1000 K for CFAS [22].The Curie temperatures for similar Co 
based Heusler alloys, Co2MnSi [23] and Co2FeSi [24], are 985 and 1100 K, respectively. 
 
Fig. 8. Magnetization vs. temperature of the CFAS film sputterd on MgO at RT followed 
by annealing in-situ at 600 C. 
The surface quality of the CFAS thin films grown by sputtering was measured 
using AFM.  The measurement, as shown in the Fig. 9, indicates that roughness of the 
films grown by 1-step process increases with temperature. The film grown at  600C has 
largest surafce roughness (over 8 nm). In comparison, films grown in 2-step process are 
more smoother (Fig. 9). 
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Fig. 9. AFM results of, a) sample grown at RT and annealed at 600 C, b) sample grown 
at 600 C, and c) roughness of films grown with 1-step and 2-step process. 
XRD was performed to characterize the crystal quality of the sputtered CFAS thin 
films, we. Fig. 10-a shows the XRD results from films grown with the 2-step process. No 
(a) (b) 
(c) 
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CFAS peaks are detected by XRD, indicating that annealing at high temperature, up to 
600 C, did not result in crystalline film. This finding is in contrast to the results reported 
by Wang et al. [5] and Tezuka et al. [25] on CFAS thin films prepared by sputtering. 
They detected the (002) and (004) peaks of CFAS even in their as deposited film at RT. 
They reported as Ta increased, the intensity of the peaks increased as well. However, they 
deposited a buffer layer of MgO [5] and Cr [25] on their substrates prior to the CFAS 
deposition. This may be the reason they observed evidence of crystalline CFAS 
diffraction peaks in their XRD results.   
However, epitaxial growth was detected on films sputtered at high substrate 
temperatures (1-step) using XRD. Fig. 10-b shows the presence of only (002) and (004) 
peaks in the XRD pattern for films sputtered on MgO without any buffer layer at Tg >250 
C, which indicates the formation of highly textured CFAS films. The intensity of the 
(002) and (004) CFAS peaks is enhanced with increasing growth temperature, indicating 
that crystal quality improves when exposed to larger thermal energies.  
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Fig. 10. Results of XRD, 2 scan for films grown on MgO with a) 2-step, b) 1-step 
process. 
(b) 
(a) 
21 
Co2YZ Heusler alloy has three ordering structures: A2, B2, and L21 [4-6]. 
Measurement of Φ scans from the off-axis Bragg peaks can be used to identify the 
ordering structure [5, 25]. The diffraction peak from the (111) or (311) superlattice 
corresponds to the L21 structure, and the peak from (222) superlattice reflection 
corresponds to the B2 structure. To confirm the nature and degree of ordering, the Φ scan 
measurements from the off-axis of the (111) peak was performed  on the prepared CFAS 
films grown with the 1-step procedure. Fig. 11, shows the results of Φ scan for CFAS 
films sputtered at different Tg. Results show fourfold symmetry in the diffraction 
patterns, evidence of the L21 ordering structure, for CFAS films grown at growth 
temperatures over 350 C. This is convincing proof that CFAS films were grown 
epitaxially and their structure is L21. In addition, the intensity of the (111) peak grows 
with increasing Tg, which indicates the degree of L21 ordering improves with increasing 
Tg. Tezuka et al. [25] and Wang et al. [5] reported detecting L21 by annealing sputtered 
samples at temperatures over 480 C. Thus, it can be conclude that the CFAS films 
sputtered on MgO (001) substrates without any buffer layer at different Tg show epitaxy 
and the higher temperature growth improves the crystallization and ordering. 
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Fig. 11. Results of XRD, Φ scan of the (111) peak for films grown with 1-step process. 
The spin polarization values of CFAS inferred from TMR measurements, a 
technique that can contain large errors due to the uncertainty in the assumed degree of 
spin polarization of the counter-electrode, vary from 71% [5] to 90% [4]. To obtain an 
accurate value of spin polarization at the surface, PCAR measurements were carried out 
[20, 21]. Fig. 12 shows an example of Andreev reflection measurement results of CFAS 
films. Complete results of PCAR measurement on CFAS sputtered samples are 
summarized in table. 1. They clearly show that annealing at higher temperature results in 
greater spin polarization. The highest spin polarization of 73% is detected. This value is 
also significantly greater than the 60% measured directly on bulk CFAS [26].   
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Fig. 12. Spin polarization measurement results of CFAS thin film sputtered at RT and in-
situ annealed at 600 C. 
Although the best films grown with the 1-step process have camparable magnetic 
properties and better crystal quality (i.e., L21 ordering), they are found  to have smaller 
spin polarization at the surface (Table. 1) compared to the films prepared with the 2-step 
process with high annealing temperatures. This observation may be due to enhnaced 
surface roughness of films grown with the 1-step process.  As illustrated in the  AFM 
data shown in Fig. 10, films grown with 1-step at Tg>350  C are two to three times 
rougher than film grown with the 2-step procedure. The film grown at  600C has largest 
surafce roughness (over 8 nm) and has only 50% surface spin polarization. In 
comparison, films grown in 2-step process are smoother (rms roughness ~1.3 nm) and 
have larger surafce spin polarization (Table. 1). 
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Table. 1. Spin polarization of CFAS sputtered thin films on MgO 
Method 
Tg 
(C) 
Ta 
(C) 
Hc 
(Oe) 
Ms 
(emu/cc) 
Spin polarization 
(%) 
2-step 
RT - 30 690 45 
2-step 
RT 350 15 1190 40 
2-step 
RT 550 49 1170 60 
2-step RT 600 48 1230 73 
1-step 
600 - 125 1197 50 
Tezuka et al. [24] reported that they obtained significantly lower spin polarization 
from CFAS with high ordered structure (L21) than less ordered structure (B2). They 
attributed the difference in the polarization measurements to the higher roughness of the 
films with  L21 ordering compared to B2 [25]. 
A tunnel barrier is required for some of the most interesting and potentially useful 
spintronic devices as an active part of the device. Also, in the past, the spin injection 
inefficiency caused by conductivity mismatch [27] has been overcome with a tunneling 
[28] through an appropriate barrier. Al oxide [3, 29], MgO [2, 5, 6], and mixture of these 
two oxides [4] have been used as barriers. To evaluate the efficiency of electron 
tunneling, a key requirement for spin injection, transport from CFAS surface through 
tunnel barriers. I used structures with a CFAS electrode, native CFAS oxide or native 
AlOx tunnel barriers and a superconducting Pb counter-electrode to perform tunneling 
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spectroscopy. The CFAS electrodes were prepared using the 2-step process with a 600 C 
anneal temperature, since this process resulted in the highest magnetic saturation and spin 
polarization observed in this work. Fig. 13-a, and b show the results of measurements of 
tunnel junctions with native CFAS oxide and native Al oxide barriers, respectively. There 
is no evidence of the zero-bias resistance peak in either characteristic that arises from 
magnetic scattering in the barrier [30]. The peak in the BCS density of states, as reflected 
in the conductance-voltage characteristic, was not detected in junctions with barriers 
made of the native CFAS oxide, indicating a lack of direct tunneling. The observed 
conductance-voltage characteristic (Fig. 13-a) has a high-voltage conductance of ~0.009 
-1 with a Vonset, as labeled in Fig. 11-a, of ~1.8 mV. The Vonset value is greater than the 
zero-temperature lead gap value of 1.36 mV. This observation, along with the relatively 
small conductance and the lack of the BCS density of states peak, resembles the 
characteristics of Giaever-Zeller tunneling process [31] and could be caused from 
electron trapping in the native CFAS oxide barrier.  
In contrast, the conductance-voltage characteristic for the junction with the native 
AlOx barrier (Fig. 13-b) resembles that of a superconductor-insulator-metal (SIN) 
tunneling behavior with BCS density of states, 
 
√     
, and a superconductor gap,  , of 
1.4 mV. To estimate the fraction of current that is transported by tunneling, the 
conductance minima of the structure with the AlOx barrier was fit to a sum of an SIN 
characteristic and a resistive component. This analysis indicates that ~85% of the current 
involves tunneling. The use of a superconductor electrode with its superconductor energy 
gap and its BCS density of states allows us to quantitatively determine the fraction of 
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direct tunneling across the barrier, a process that does not involve spin flips or trapping in 
the barrier. It is more challenging to identify and model the non-tunneling components. 
To estimate the fraction from direct tunneling, the measured conductance of 
CFAS/AlOx/Pb junction was fit with the sum of theoretical SIN junction and Giaever-
Zeller like conductance characteristics. At 4.2 K the best fit comes when the ideal SIN 
conductance take 50% (±10%) of the weight ratio (Fig. 13–c). Additional optimization of 
the tunnel barrier is expected to improve this factor. Nevertheless, these results clearly 
show that an AlOx barrier can serve as a useful direct tunnel barrier.   
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Fig. 13. Results of tunnel junction measurement of superconducting CFAS/barrier/Pb at 
4.2 K, with a) natural oxide, b) native Al oxide as a barrier layer, and c) theoretical 
calculation for junction with Al oxide barrier. 
As an alternate growth method, I used PLD to prepare CFAS thin films at RT and 
then annealed them in-situ. Fig. 14 shows a comparison between magnetic properties of 
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films prepared with PLD and those prepared by sputtering. From the figure it can be 
concluded that the magnetic properties of sputtered CFAS films are better than films 
prepared by PLD, since Hc is the same but Ms is smaller. However, the spin polarization 
values measured for films prepared by PLD were equal to those for films prepared by 
sputtering, Table. 2. 
 
Fig. 14. Comparison of magnetic properties of  2-step-processed samples prepared by  
PLD and sputtering. 
Table. 2. Spin polarization of CFAS thin films grown on MgO at RT and annealed at 550 
C 
Processing 
method 
Hc (Oe) Ms (emu/cc) Spin polarization (%) 
Sputtering 49 1170 60 
PLD 29 890 60 
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2.4. Conclusions 
CFAS thin films were synthesized and characterized with different growth 
methods and under different growth conditions. Highly ordered L21 structure of CFAS 
films was achieved by growing films in 1-step procedure at substrate temperatures of 
more than 450 C. CFAS thin films sputtered using either a 2-step and 1-step process 
exhibited excellent magnetic properties. The spin polarization at the surface of these thin 
films was investigated as a function of growth conditions with the PCAR method. The 
largest value for spin polarization was measured to be 73%. AlOx oxide barriers 
exhibited a high fraction of direct tunneling (> 50%) while native CFAS oxide did not 
show any direct tunneling.  In both cases, transport was through the oxide and not 
through pinholes or other high transparency regions. 
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Chapter 3 
DETERMINING OPTIMAL GROWTH CONDITIONS FOR ZnGeAs2 THIN FILMS, 
CONSISTS OF EARTH ABUNDANT ELEMENTS, FOR PHOTOVOLTAIC 
APPLICATIONS 
3.1. Introduction 
ZnGeAs2 is a semiconductor comprised of only inexpensive and earth-abundant 
elements [8]. ZnGeAs2 films with hole mobilities of greater than 50 cm
2
/V·sec [9-11] and 
minority carrier lifetimes of ~150 ns [12] have been reported. These observations, in 
conjunction with the natural abundance of their constituents, suggest that this material is 
a good candidate to make low-cost, efficient photovoltaic cells. Furthermore, ZnGeAs2, 
in combination with ZnSnP2, could potentially be useful for producing tandem solar cells 
because they are lattice matched and have direct bandgaps of 1.15 eV and 1.65 eV, 
respectively [33]. 
However, there are limited ZnGeAs2-based thin-film devices fabricated at the high 
temperatures, required to attain epitaxially-grown ZnGeAs2 thin-films, due to the 
challenge of incorporating volatile Zn and As species into the growing films at elevated 
temperatures. As an example, Chelluri et al. [10] used molecular beam epitaxy (MBE) to 
grow single crystalline Ge-ZnGeAs2 alloy films at a substrate temperature of 380 
o
C with 
very high Zn:Ge and As:Ge flux ratios. In another study, Shah and Greene [9] sputtered 
single crystal ZnGeAs2 thin films at a substrate temperature of 450-520 
o
C, using a 
ZnGeAs2 target with the Zn and As4 overpressure of 1 mTorr evaporating from Knudsen 
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cells. In those studies, less than 1% of the Zn and As atoms, impinged the deposition 
surface, were incorporated into the deposited films. 
 In order to achieve high quality ZnGeAs2 films, precise control of the growth 
conditions is essential. Solomon et al. [11] and Timmons et al. [12] found that a 30 
o
C 
shift in the ZnGeAs2 growth temperature during OMVPE (organometallic vapor phase 
epitaxy) synthesis resulted in significant differences in the film’s composition and 
structure. By comparison, GaAs can be grown by MBE at temperatures ranging from 500 
to 800 
o
C at As4 overpressures in the range of 10
-6
 to 10
-4
 Torr [32]. 
Thermochemical analysis can be used to predict optimal conditions for attaining high 
quality epitaxial growth. The optimal growth conditions, in other semiconductor systems, 
can be attained using the substrate growth temperature typically in the range of one-half 
to two-thirds of the melting temperature on the absolute scale (i.e., K) of the material 
[33]. At lower temperature the incident atoms do not have enough thermal energy to 
overcome the kinetic barriers for surface diffusion, nucleation, and incorporation into the 
lattice, and the resultant films are generally amorphous. PLD deposited films of ZnGeAs2 
follow this trend, as XRD spectra indicates as-deposited films are amorphous at substrate 
temperatures up to 588 K. These temperatures are far below the melting point of 
ZnGeAs2, reported as 1128 K [34], and the calorimetrically determined crystallization 
temperature of 733 K [9]. The epitaxial growth temperature of ZnGeAs2 on GaAs was 
653 K for MBE [10], 723-793 K for sputtering plus Zn and As4 co-evaporation [9], and 
853 K for OMVPE [11]. OMVPE requires this relatively high temperature to crack GeH4 
source.  
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To better understand the rate limiting step involved in ZnGeAs2 film growth, I 
studied the thermodynamic and kinetic factors associated with the growth process. 
3.2. Experimental procedure 
ZnGeAs2 thin films were grown by PLD in a UHV chamber with base pressure 
below 510-7 Torr. Films were deposited with two flux rates, by operating a 248 nm KrF 
excimer pulsed laser at either 5 or 10 Hz with an energy of 450 mJ/pulse. The argon gas 
pressure during deposition was maintained at 400 mTorr. The distance from target to 
substrate was fixed at ~5 cm. A stoichiometric polycrystalline ZnGeAs2 target was made 
from Zn, Ge and As (99.9999% pure, Alfa Aesar) and reacted in an evacuated quartz 
ampoule at 1000 
o
C for 24 hours. Particle-induced X-ray emission (PIXE) measurements 
demonstrated that the target is stoichiometric. XRD measurements showed a single phase 
chalcopyrite structure ZnGeAs2 in the target material. A Zn-enriched target with a 
nominal composition of Zn1.4GeAs2 was also synthesized in order to study the effect of 
higher relative Zn impingement rates on the composition of thin films. Composition and 
thickness of the thin films were inferred using RBS measurements and analysis. 
Structural characterization was performed using high resolution XRD.  
Measurements of the thermal decomposition rate of ZnGeAs2 polycrystalline bulk 
samples were performed in the same UHV chamber. The heating rate was adjusted to ~15
 
o
C /min. The residual gas analyzer (Stanford Research System, model RGA300) was 
located ~25 cm away from the sample. Vapor pressure of each volatile species during 
decomposition was monitored in-situ by the RGA. The composition of the bulk sample 
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was analyzed before and after decomposition using RBS and energy dispersive 
spectroscopy (EDS).  
Since the thermodynamic Ellingham diagrams for ZnGeAs2(s) have not been 
experimentally determined, the equilibrium vapor pressure over ZGA as a function of 
temperature was calculated from first principles using total energy calculations and 
applying Density Functional Theory (DFT) with the local density approximation (LDA) 
[35], and also the Perdew-Burke-Ernzerhof (PBE) [36] functional, since the LDA is 
known to systematically overbind. Total energy calculations were performed to calculate 
the vacancy formation energy of the three atomic species. The defect super cell was 
relaxed using the full-potential (FP) linearized muffin-tin orbital (LMTO) method [37]. 
After calculation of the reference ZGA cell and the three defect cells total energies, the 
defect formation energies were calculated following Zhang et al. [38]. Then, to calculate 
the equilibrium vapor pressure, a statistical mechanics approach was taken, where 
partition functions for the various components (e.g. solid and gas species) were 
constructed. These partition functions were used in the minimization of the system’s free 
energy with respect to the number of gas phase atoms. When this is used with the ideal 
gas law, it gives the equilibrium vapor pressure of the system. To simplify the system, it 
was assumed that the gas phase must have the same stoichiometry as the solid phase.  
3.3. Results and discussion 
Fig. 14 [39] schematically represents various contributions to the deposition-
decomposition process and depicts the terms for the element-specific rates that are used 
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here: The deposition rate is defined as the total number of atoms deposited per unit time 
and area. The decomposition rate is the atomic loss evaporated from a fully reacted 
compound per unit time and area (Fig. 15). The incorporation rate is defined as the total 
numbers of atoms that react to form the fully reacted compound per unit time and area. 
The adsorption rate (or precursor evaporation rate) is the number of atoms in precursor 
form (i.e. that are not fully reacted into the bulk ZnGeA2 phase) re-evaporated from the 
substrate per unit time and area.  
Fig. 15. Schematic representation of impingement, adsorption, decomposition, sticking, 
incorporation, and deposition rate definitions used in this study. 
According to the previous study [10], it was shown that within the temperature 
range of this study, Ge has a near-unity sticking coefficient. By using this assumption and 
the knowledge of the target stoichiometry, the effect of run-to-run variations in the 
reactant impingement rates, resulting from changes in laser power and/or the target 
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condition, can be corrected by plotting the relative number of deposited Zn and As atoms 
with respect to Ge, as shown in Fig. 16-a, and b. The composition of films grown from 
the stoichiometric target was found to vary significantly with substrate temperature, as 
summarized in Fig. 16-a. For substrate temperatures below 275 
o
C, the composition of 
the films grown with 10 Hz laser frequency is similar to that of the target. For 
temperatures higher than 275 
o
C, the films are Zn- and As-deficient. At 400 
o
C, the 
deposited film is predominantly Ge with only a few percent of Zn and As.  
Although the high energy density of the laser beam is known to congruently 
ablate target material [40], differences between the stoichiometry of the target and films 
are often encountered when the material contains highly volatile species as a result of 
finite rates of adsorption and/or decomposition. For instance, Li-deficiency is generally 
observed in LiNbO3 [41] and Zn-deficiency in Ba(Zn1/3Ta2/3)O3 [40] when thin films are 
deposited at the elevated temperatures required to achieve high-quality epitaxy. 
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Fig. 16. The normalized number of Zn and As atoms with respect to Ge deposited in thin 
films grown by pulsed laser deposition of a) stoichiometric ZnGeAs2 target and b) Zn-
enriched Zn1.4GeAs2 target inferred from RBS measurements and analysis. Deposited 
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number of atoms for each reactant is defined as the total number of atoms accrued in the 
film per unit area, calculated from RBS data. In figure (a), the dashed arrows illustrate the 
amount of Zn and As that would be lost based on the measured thermal decomposition 
rate alone. 
To perform experiments with the same net deposition but at different rates, the 
laser frequency was changed from 10 to 5 Hz and the deposition time was doubled. In 
this way one can distinguish between the sticking coefficient (which is determined by the 
efficiency of incorporation from the precursor state into the fully reacted compound, and 
does not depend on deposition duration) and thermal decomposition (which is determined 
solely by the properties of the fully reacted compound, is constant with time and 
therefore does depend on the deposition duration). If the total number of deposited atoms 
is the same for these two conditions, the process is determined exclusively by the sticking 
coefficient; differences can be attributed to the thermal decomposition. The results of 
these experiments are shown in Fig. 16-a.  
There is a large and systematic difference between the fast and slow deposition 
for temperatures above 275 °C, and it is concluded that thermal decomposition plays an 
important role in the process for these temperatures. The equation                 
      
       
 was used to determine the fraction of Zn and As atoms lost as a result of 
decomposition compared to the total loss at each temperature. In the equation D10, D5 and 
Dnl refer to the deposition ratio attained from growths at 10 Hz, at 5Hz and for the 
condition assuming no loss (i.e. for constant stoichiometry as shown by the horizontal 
line in Fig. 16-a), respectively. If the fraction equals one, then the losses arise from 
decomposition alone, while if it is zero then the losses are entirely from adsorption. The 
loss is small for growths below ~295 °C. For growths with a substrate temperature 
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ranging from 295 to 315 °C, the Frdecomposition obtained are 1.0+0.1 for As loss, indicating 
that decomposition dominates for this species, and 0.5+0.1 for Zn loss, indicating that 
decomposition and adsorption plays a nearly equal role. The significance of the 
kinetically-limited thermal decomposition, as shown in Fig. 16-a, will be described after 
discussing Fig. 17.  
As a route to increase the maximum growth temperature that retains the ideal 
(ZnGeAs2) stoichiometry of deposited films, a Zn-enriched target with nominal 
composition Zn1.4GeAs2 was also used. The normalized number of atoms deposited for 
each element with respect to Ge for the Zn-enriched target is presented in Fig. 15-b. As 
the figures show, the maximum growth temperature that can attain stoichiometric 
ZnGeAs2 films was not significantly increased by the use of the Zn-enriched target.  
An investigation to determine the ZnGeAs2 decomposition rate was performed to 
allow for quantitative analysis of the thermochemistry of ZnGeAs2 thin film growth. Fig. 
16 illustrates the Arrhenius plots of the Zn and As2 measured dissociation vapor pressures 
as a function of substrate temperature. The theoretically-determined thermodynamic Zn 
and As equilibrium pressure over a ZnGeAs2 phase is also presented in Fig. 16. An 
experimental measurement of the overpressure at the melt temperature is found to show 
excellent agreement with the theoretical prediction [42]. As illustrated in Fig. 15, the 
dissociation vapor pressures of Zn and As are two-to-four orders of magnitude lower than 
the thermodynamic equilibrium pressure at corresponding temperatures. This 
demonstrates that the decomposition rate is kinetically limited with an evaporation 
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coefficient of 10
-4
 to 10
-2
. Large kinetic barriers to decomposition are also found in 
strongly bound materials such as GaN [43, 45],
 
AlN [46], diamond [47], and MgB2 [48].  
 
Fig. 17. An Arrhenius plot of the Zn and As dissociation vapor pressure during ZnGeAs2 
decomposition. Theoretically-determined thermodynamic Zn and As equilibrium pressure 
over a ZnGeAs2 phase. Also included in the figure are the Zn and As pressure used 
during ZnGeAs2 growth by sputtering [9] and MBE [10], and the pressure measured over 
a ZnGeAs2 melt [42]. 
In this study, the Zn and As evaporation rates reached one monolayer per second 
(~10
-6 
Torr) when the ZnGeAs2 temperature was 425 
o
C, as illustrated in Fig. 17. The 
activation energy of ZnGeAs2 decomposition is 1.08±0.05 eV. During the decomposition 
process, the Zn/As2 pressure ratio is very close to unity, suggesting that when either Zn or 
As dissociates from the ZnGeAs2, the other tends to immediately evaporate. Therefore, it 
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is concluded that the kinetically-limited decomposition reaction is: ZnGeAs2(s) → Ge (s) 
+ Zn (v) + As2 (v).   
Fig. 17, also, includes data from the Zn and As pressure used during sputter 
deposition of epitaxial ZnGeAs2 by Shah and Greene [9] and MBE by Chelluri et al. [10]. 
Since the Zn and As partial pressures fall between the predicted thermodynamic 
equilibrium rate and the measured kinetically limited decomposition rate, it can be 
inferred that both sputtering and MBE ZnGeAs2 growth are in the metastable regime.  
Next, the relative role of thermal decomposition in determining the film 
deposition rate and stoichiometry is analyzed. This will allow comparison between the 
thermal decomposition rate measured in this study (performed in vacuum), which is a 
lower bound to the reverse reaction, and the decomposition rate during plasma-assisted 
growth. It is well known that the impinging energetic atomic and molecular species can 
affect decomposition rate, and this process has been termed “thermally assisted 
sputtering” or “sputtering enhanced decomposition”. Fig. 16-a illustrates the inferred 
deposition of Zn and As atoms in films grown at the 10 Hz laser frequency assuming a 
sticking coefficient of unity for all reactant atoms (i.e. formation of fully reacted 
ZnGeAs2 compound) and the thermal decomposition. It is clear that the observed 
decomposition as inferred from the Zn and As loss during growths is higher than 
expected from ZnGeAs2 thermal decomposition alone. The difference between these 
values can be attributed to the effect of plasma enhanced decomposition. Fan et al. [48] 
showed that the bombardment of large kinetic ions (at 70 eV) in the nitrogen plasma 
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increases the decomposition rate of AlN by a factor of ~2. In comparison, during PLD 
growth the depositing species have kinetic energies of 10–100 eV [49]. 
Thus far, it has been shown that high quality ZnGeAs2 film growth can be attained in 
the metastable regime if the incident volatile elements flux rate (i.e., Zn and As) is high 
enough to compensate the decomposition losses of these elements. Therefore, Fig. 17 can 
be used to predict the maximum substrate temperature where stoichiometric growth can 
be expected as a function of reactant impingement rate. For example, a ZnGeAs2 growth 
of 1 μm/hour at 450 oC requires a Ge flux density of > 3x1014 atoms·cm-2·sec-1, or ~2x10-
6 
Torr beam-equivalent-pressure, based on the deposition of reactants and ZnGeAs2 
decomposition experimental data. The Zn and As flux density should then be at least 10
16
 
atoms·cm
-2
·sec
-1
, or >7x10
-5 
Torr beam-equivalent-pressure, to negate the decomposition 
loss during high temperature growth.   
So far it is found that to attain high quality epitaxial ZnGeAs2 growth with vapor 
phase deposition techniques, high substrate temperatures and large Zn and As fluxes are 
vital. As an alternative method, high quality ZnGeAs2 films can be achieved by 
deposition of amorphous films at low temperature followed by a high temperature 
annealing to crystallize the films. The decomposition study indicated that ~10
4
 
monolayers of ZnGeAs2 (or ~3 µm thickness) would be evaporated for anneals at 600 °C 
for 300 s, so an SiO2 capping layer was deposited on the film to minimize this process. 
This annealing procedure produced textured films with X-ray diffraction rocking curve 
width of less than 80 arc-minutes, Hall carrier concentrations as low as 5x10
17
/cm
3
 and 
mobilities greater than 50 cm
2
/V·s.   
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3.4. Conclusions 
The ZnGeAs2 PLD growth and thermal decomposition studies showed that the 
substrate temperature needed to achieve high-quality ZnGeAs2 epitaxy is largely 
determined by the kinetic barrier to decomposition. Due to this large kinetic barrier to 
decomposition with an evaporation coefficient of 10
-4
-10
-2
, high quality films can be 
grown in the metastable regime. It is noteworthy that compounds with small evaporation 
coefficients, as a result of kinetically-limited decomposition reaction including ZnGeAs2, 
GaN, AlN, diamond and MgB2, can all be synthesized by vapor phase methods under 
metastable condition.  
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Chapter 4 
SYNTHESIS AND CHARACTERIZATION OF PYRITE (FES2) THIN FILMS, AN 
EARTH ABUNDANT COMPOUND, FOR PHOTOVOLTAIC APPLICATIONS 
4.1. Introduction 
Another prospective material for low cost, earth abundant photovoltaic materials 
is pyrite (FeS2). Pyrite, the most abundant sulfide at Earth’s surface [7], is a nontoxic 
semiconductor with a band gap of 0.95 eV [13], and an absorption coefficient in the 
visible range of 6.5×10
5
 cm
-1
,
 
which is two orders of magnitude higher than Si [14]. 
Thus, it is a suitable candidate for photovoltaic applications [7, 13, 14, 50]. When cost 
and natural abundance of the elemental components are considered, pyrite is significantly 
more attractive than any other compound [51].  
Synthesizing high-quality pyrite thin films is challenging, largely due to the high 
S vapor pressure required during the process. Previous publications have described 
techniques such as chemical vapor transport, CVT [52], metal organic chemical vapor 
deposition, MOCVD [13, 14, 52], sputtering [50, 53], MBE [54], or thermal sulfidation 
of iron [55, 56] and iron oxide [57] to synthesize pyrite thin films. Films grown at too 
low temperature have poor structural and electrical quality [54], since; at low temperature 
the incident atoms do not have enough thermal energy to overcome the kinetic barriers 
for surface diffusion, nucleation, and incorporation into the lattice. In the opposite 
extreme, growing at higher temperatures often resulted in S-deficient [14, 50], non-
stoichiometric films. I designed, tested and operated a layer-by-layer growth technique 
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that produces high-quality, high-purity pyrite thin films using sequential evaporation of 
Fe under high vacuum followed by sulfidation at pressures >1 mTorr.  The results are 
compared with those obtained using traditional MBE growth.  
4.2. Experimental Methods  
I designed and assembled a UHV chamber based on the MBE concept, 
schematically shown in Fig. 18, to co-evaporate Fe and S with a capability of reaching S 
pressures up to 10 Torr. Pyrite thin films were grown by co-evaporation of Fe and S in 
that chamber with a base pressure below 210-7 Torr. An alumina coated W crucible was 
used to thermally evaporate Fe, and an alumina crucible wrapped with W wire was used 
to evaporate S. The pressure of S was adjusted by controlling the crucible temperature. 
To measure the temperature of the S crucible (i.e., S pressure) during growth a type K 
thermocouple was used. Fe shot (99.98% pure, Alfa Aesar) and S particles (99.999% 
pure, Alfa Aesar) were used as precursors for evaporation. PIXE measurements indicated 
no impurities in the Fe shot above the detection limit of 100 ppm. 
An ex-situ S-annealing experiment was performed to study the conditions 
required to convert S-deficient phases to pyrite. Two types of films were used for the 
annealing study; S deficient (Fe1-xS with x<0.5) films deposited by co-evaporation of Fe 
and S, and pure Fe films grown at RT by thermal evaporation of Fe. The desired pressure 
during the anneals was attained by inserting the precise amount of S into the sealed tubes 
for the chosen annealing temperature. Then samples were sealed in evacuated quartz 
ampoules.  Finally, the samples were heated in a tube furnace at 350 to 500 C for 1.5 hr.  
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Fig. 18. Schematic of MBE type UHV chamber to perform high sulfur pressure co-
evaporation of Fe and S. 
For the sequential evaporation method the heated substrate rotates between a low-
pressure Fe evaporation zone and a high-pressure S evaporation zone (Fig. 19), similar to 
the pocket heater developed by Kinder [58] and used by others [59]. Fe evaporation is 
performed in the unbaked UHV chamber with a base pressure <1.5×10
-5
 Torr, where 
most of the background pressure is S vapor. The S pressure inside the S evaporation zone 
is maintained between 1 mTorr and 1 Torr. A pressure difference of greater than three 
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orders of magnitude between the Fe and S deposition zones can be achieved. The rotation 
speed was fixed at ~4.5 rpm.  
47 
 
Fig. 19. Schematic of the device designed for sequential evaporation of Fe and S to 
deposit pyrite thin films with layer-by-layer growth. 
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The stoichiometry and thickness of the thin films was inferred from RBS 
measurements and analysis. EDX, SIMS, and PIXE were used to validate the conclusions 
from the RBS analysis and monitor the trace contaminants. Structural characterization 
was performed using XRD. The Raman laser was operated with less than 5 mW of 532-
nm laser excitation to prevent decomposition at the surface from heating effects. 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
used to study the structural and chemical properties of the thin films. An aberration-
corrected 200 kV JEOL ARM scanning TEM (STEM) was used for atomic-scale imaging 
and chemical analysis. Other microscopes used for TEM imaging included JEOL 4000 
EX 400 kV and JEOL 2000, 200 kV instruments. The resistivity was measured using a 4-
point probe in the van der Pauw configuration.   
4.3. Results and discussion 
I adopted the Fe-S phase diagram from Waldner and Pelton [60] and designed the 
Fe, S co-evaporation and ex-situ annealing experiments to cover the area shown in Fig. 
20, by changing S pressure, substrate temperature, and annealing temperature. The initial 
pyrite films were deposited by co-evaporation of Fe and S followed by cooling down in-
situ in vacuum to RT. RBS results from these experiments are summarized in Fig. 21-a, 
and b. As can be seen, films grown at substrate temperatures higher than 100 C are S 
deficient, similar to the MBE growth results of Bronold et al. [54]. In addition, growth 
over a wide range of S pressures at 350 C substrate temperature also produced S-
deficient films (Fig. 21-b). Presumably kinetic factors play a role in producing S-deficient 
films under these conditions since pyrite is the stable phase at 1 Torr and temperatures up 
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to ~550 C (Fig. 20). The effect of substrate temperature on the morphology of deposited 
thin films is shown in Fig. 22. SEM images of films, deposited at 1 torr of S pressure at 
different substrate temperatures, indicate that films are rougher and more granular at 
higher growth temperatures. 
 
Fig. 20. Fe-S phase diagram constructed from Waldner and Pelton [60] showing the area 
explored by co-evaporation of Fe and S, and the ex-situ annealing experiments.  
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Fig. 21. Pyrite thin films grown at a) different substrate temperatures at Ps=1 Torr, b) at 
different S pressures at substrate temperature of 350 C. All films were cooled in vacuum 
after growth. 
(a) 
(b) 
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Fig. 22. SEM images of films deposited by co-evaporation of  Fe and S at 1 Torr of S 
pressure and different substrate temperatures. 
Single-phase pyrite was not produced by co-evaporation of Fe and S followed by 
cooling in vacuum, even when S pressures of 1 Torr were used. However, stoichiometric 
pyrite was produced during cool-down from the growth temperatures in a S rich 
environment. In an effort to prevent any S loss during cooling, the as-deposited films 
obtained by co-evaporation were cooled to 100 C in Ps=1 Torr from their growth 
temperatures. Then, to remove the excess S, the samples were annealed in-situ at 180 C 
for three minutes. For films grown at 350 C and a S pressure of 1 Torr, the average S:Fe 
ratio increased from ~1.3:1 to an average value of ~1.9:1 when the films were cooled in 1 
Torr S pressure as opposed to vacuum . The XRD spectrum from the latter film (Fig. 23-
a) is comparable to that of the MBE-grown pyrite film deposited on a 120 C substrate 
and reported by Bronold et al. [54] (Fig. 23-b).  
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Fig. 23. XRD results of, a) film grown at T substrate= 350 C by co-evaporation of Fe and S 
at Ps=1 Torr followed by cooling down in 1 Torr S pressure, b) MBE grown pyrite at 120 
C [38]. 
(b) 
(a) 
2 () 
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However, TEM analysis of the film showed two distinct regions. That nearest the 
substrate is comprised of a 125-nm layer of pyrrhotite (Fe1-xS), which is covered by a 25-
nm layer of pyrite that presumably formed during post-growth cooling (Fig. 24-a, and b). 
This observation shows that to form pyrite either a lower temperature or higher S 
pressure, or both is needed, presumably as a result of a kinetic barrier to formation of 
pyrite from Fe or pyrrhotite. 
 
Fig. 24. a) TEM image of the sample of pyrite thin film grown at a substrate temperature 
of 350 C, a S pressure of 1 Torr, and cooled in a 1 Torr S pressure, showing a layer of 
pyrite adjacent to a 125-nm thick layer of pyrrhotite, c) TEM diffraction pattern showing 
pyrrhotite diffraction spots and pyrite rings. The film described here was synthesized at a 
growth rate of 0.2 monolayers per second. 
Ex-situ S-annealing experiments were performed on > 100 nm, Fe1-xS and Fe-
metal films to investigate temperature and S pressure required to convert them to pyrite 
(FeS2). Table. 3 summarizes the conditions that were used. The lowest S pressure 
possible to obtain in the sealed tubes was ~50 Torr.  
 
(a) (b) 
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Table. 3. Fe and Fe1-xS films annealing condition in S 
Film type Ta (C) Ps (Torr) 
FeSx (x<2) 350 50 
Fe and FeSx (x<2) 350 500 
Fe and FeSx (x<2) 500 50 
Fe and FeSx (x<2) 500 500 
XRD results of the samples after annealing, Fig. 25, showed both Fe-metal and 
Fe1-xS films were converted to polycrystalline pyrite indicating that either the Fe1-xS or 
the Fe films can be converted to pyrite at these temperatures under sufficient S pressure, 
as predicted by the phase diagram of Waldner and Pelton [60].   
 
Fig. 25. XRD analysis of ex-situ annealing experiment in sulfur on Fe and Fe1-xS thin 
films grown on SiOx/Si substrate and sealed in glass tube. 
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The results of co-evaporation and ex-situ annealing in S can be summarized as 
follows: 
 In vacuum above 100 C films are S deficient (Fe1-xS), even at PS as high as 1 Torr 
 Upon cooling in 1 Torr PS at temperature <350 C, Fe1-xS converts to pyrite 
 Upon annealing ex-situ in PS > 50 Torr, both Fe-metal or Fe1-xS converts to pyrite at 
500 C temperatures  
To overcome the kinetic barrier of forming FeS2, I devised a layer-by-layer 
growth method, to operate at elevated temperatures (i.e., 350-500 C), that consists of 
sequential evaporation of Fe in vacuum followed by exposure to a high-pressure (i.e., up 
to 1 Torr) S environment. The reduced pressure of S during deposition of Fe and absence 
of Fe during incorporation of S enhances adatom surface mobility during each step, 
which increases the driving force for each reaction. This sequential evaporation method 
enabled growth of single-phase pyrite with vastly improved quality than with the 
traditional MBE method (Fig. 26 and 27). However, both of the films are polycrystalline. 
The sequential-evaporation film was grown at 350 C by applying only 1 mTorr S 
pressure to the sulfidation zone. RBS results confirmed that the film grown by sequential 
method has a 240-nm thickness and a stoichiometry of FeS2.04. 
Fig. 26 shows the XRD spectra of the film grown by this sequential method 
compared to the best film grown by the co-evaporation method. Fig. 27-a, and b shows 
the SEM comparison of the pyrite films at 350 C grown by sequential evaporation and 
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co-evaporation method. The SEM images indicate the films grown with the sequential-
evaporation method are smoother than the films prepared by co-evaporation.  
 
Fig. 26. Comparison of XRD spectra for a thin-film grown by sequential evaporation at a 
substrate temperature of 350 C and S pressure of 1 mTorr (upper) with MBE films 
grown and cooled at a S pressure of 1 Torr and substrate temperature of 350 C (lower). 
The sequentially evaporated FeS2.04, film was 240-nm thick, indicating a growth rate of 
~1 monolayer per cycle. 
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Fig. 27. SEM images of the films deposited at 350 C by, a) sequential evaporation at 1 
mTorr S pressure, and b) co-evaporation at 1 mTorr S pressure. 
(a) 
(b) 
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The effect of substrate temperature on the quality of pyrite thin films prepared by 
sequential evaporation was systematically investigated. For the substrate temperatures 
ranging from 250 to 450 C, pyrite films were polycrystalline. The structural quality, as 
judged by the narrowest XRD peaks at full-width half-maximum, increased with 
substrate temperature and was optimized at 350 C for a S pressure of 1 mTorr (Fig. 28-
a). Secondary phases were not detected by XRD and Raman spectroscopy for films 
grown at substrate temperatures up to 375 C. However, marcasite (tetragonal FeS2) was 
detected using both XRD and Raman in films grown above 375 C. SEM images of 
pyrite films deposited at different substrate temperatures by sequential evaporation (Fig. 
29) indicate that the films tend to grow more granular at higher temperatures. At 450 C 
the pyrite films are discontinuous, as confirmed by the substrate peak (Si peak) in the 
Raman results (Fig. 28-b), and have tower shaped morphology. 
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Fig. 28. a) XRD and b) Raman spectra of sequentially deposited pyrite films grown on Si 
(100) at different substrate temperatures and a S pressure of 1 mTorr with a growth rate 
of 1 to 2 monolayers per cycle . 
(a) 
(b) 
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Fig. 29. SEM image of pyrite thin films grown by sequential evaporation on Si substrate 
at S pressure of 1 mTorr and substrate temperature of, a) 250 , b) 350, and c) 450 C. 
(a) 
(c) 
(b) 
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Films deposited on SiOx/Si, Al2O3, and MgO substrates have similar structural 
and chemical properties, as judged by XRD, Raman and RBS analysis. Fig. 30, shows the 
presence of a marcasite peak in Raman data for films grown at 400 C and a S pressure of 
1 mTorr on Si (111) and Al2O3. 
 
Fig. 30. Effect of substrate type on pyrite growth, substrate temperature 400 C. 
Increasing the S pressure to 1 Torr resulted in the formation of single-phase pyrite 
films at substrate temperatures up to 450 C (Fig. 31). The use of high-S pressures during 
growth and cool-down in the MOCVD study of Thomas et al. [7] also produced 
stoichiometric pyrite at 450 - 500 C. Both these results are consistent with the Fe-S 
phase diagram [60], which indicates that pyrite is stable up to 550 C at S pressure of 1 
Torr. 
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Fig. 31. a) XRD and b) Raman spectra of pyrite films produced using sequential 
evaporation at 450 C substrate temperatures at a S pressure of 1 mTorr (lower) and 1 
Torr (upper). 
(a) 
(b) 
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Pyrite films grown on Si (100) substrates at 350 C and S pressures of 1mTorr 
consist of randomly oriented grains ~300 to 400 nm in diameter (Fig. 32-a, b). Since the 
lattice mismatch of pyrite and Si is less than 2%, it should be possible to deposit epitaxial 
pyrite on Si. However, high-resolution TEM images indicate that the high-quality, defect-
free grains are separated from the substrate by a ~3 nm amorphous SiOx layer (Fig. 32-c). 
This amorphous layer presumably resulted in non-epitaxial polycrystalline growth of 
pyrite on the Si substrate. Therefore, improved substrate cleaning methods are needed to 
achieve epitaxy on Si substrates. Fig. 32 also, shows STEM annular dark field and 
annular bright-field images of the pyrite grain indicating the positions of the atoms in the 
structure. The crystallographic model of the projection of the pyrite structure, with the Fe 
and the S atoms is shown in the inset of Fig 32-e. The S dumbbells can be clearly 
identified in this image. This observation is in agreement with the proposed structure of 
pyrite [61, 62] and represented in Fig. 33. 
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Fig. 32. a) TEM image of 400-nm pyrite grains grown on Si (100) substrate at 350 C and 
a S pressure of 1 mTorr, b) diffraction pattern indexed for two pyrite grains, c) HRTEM 
image of pyrite grain (top) at the interface with Si substrate (bottom). The SiOx layer 
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formed by oxidation of Si substrate, d) STEM annular dark-field image of defect-free 
pyrite grain from a); the bright spots are the Fe columns. e) STEM annular bright-field 
image of the same grain showing the positions of the S atoms. The inset is a 
crystallographic model of the projection of the pyrite structure, with the Fe atoms 
represented by black dots and the S atoms represented by the grey spheres. The black 
rectangle outlines a unit cell. 
 
 
Fig. 33. Pyrite structure, showing the Fe and S dumbbells [62]. 
Non-epitaxial polycrystalline pyrite films have been grown using a number of 
methods on a wide range of substrates, even on those with small lattice mismatch (e.g., 
ZnS, Si, and GaP) [52-57, 63-66]. To produce epitaxial structures, the use of the 
sequential evaporation method was investigated by deposition on natural pyrite 
substrates. For this homo-epitaxy study, I started with two ~1-cm
2
 (100) oriented faces 
from natural pyrite cubes. Growth was performed at a 350 °C substrate temperature and S 
pressure of 1 mTorr. Si substrates were included as a control.  
Channeling RBS measurements were used to characterize the epitaxial quality of 
thin films. Channeling RBS min of 3% was determined for the natural pyrite substrate 
(Fig. 34-a), and a min of 11% for the deposited thin-film on natural pyrite (Fig. 34-b). 
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When compared to the ~58% min for the film grown on Si (111) (Fig. 34-c), it is clear 
that the film grown on natural pyrite exhibits textured (epitaxial) characteristics. The 
XRD results of the pyrite films on natural pyrite (Fig. 35) show that the films has a 
preferred growth orientation compared to the film grown on Si substrate.  
High-resolution TEM images of pyrite films grown on natural pyrite substrates 
indicate (Figs. 36 and 37) that the films consist of individual grains that are 100 to 150 
nm diameter and grown epitaxially. The presence of individual epitaxial grains indicates 
heterogeneous nucleation on natural pyrite. In addition, many of the grains have stacking 
faults.  
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Fig. 34. RBS channeling results from a) natural pyrite (100) substrate; pyrite films grown 
at 350 C and a S pressure of 1 mTorr on: b) natural pyrite showing homo-epitaxy, and c) 
a Si substrate. 
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Fig. 35. XRD comparison of pyrite thin film deposited at 350 C and a S pressure of 1 
mTorr on natural pyrite (100) (upper), and Si (lower) substrates. 
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Fig. 36. a) TEM image of a homo-epitaxial pyrite thin film grown on natural pyrite at 350 
C and 1 mTorr S pressure , b) and c) diffraction patterns from the thin film and substrate 
respectively. 
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Fig. 37. a) HRTEM images of individual homo-epitaxial grains from a pyrite thin film 
grown at 350 C and S pressure of 1 mTorr, b) and c) close up images of the grains 
indicating epitaxial growth. Insets are Fast Fourier Transforms of the grains(top) and 
substrate (bottom). 
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Current-Voltage (I-V) electrical measurements in a 2-point configuration were 
performed on the pyrite film grown on an insulator substrate (SiOx/Si) at 300 C and a S 
pressure of 1 mTorr. A photo response of ~5% was detected in the film, Fig. 38. The 
resistivity of this sample was measured from 20-300 K using four point measurement and 
Van der Pauw configuration (Fig. 39). The data follow a liner fit of resistivity versus T
-
0.5
, indicating that the dominant transport mechanism is variable-range hopping [67, 68]. 
 
Fig. 38, Photo response of pyrite film deposited at 300 C and a S pressure of 1 mTorr 
measured by I-V using two point probe measurement. 
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Fig. 39. Resistivity vs. temperature for sample grown on SiOx/Si at 300 C and a S 
pressure of 1 mTorr; inset: data fitted to the hopping model. The error in the current 
measurement is less than 2%. 
4.4. Conclusions 
Based on the thermochemical analysis and experimentation with pyrite thin film 
growth, it was concluded that a layer-by-layer growth method is needed to overcome the 
kinetic barrier to deposition of single phase pyrite films. A new deposition technique was 
developed and it is demonstrated that high quality, single phase pyrite can be grown with 
this new technique. An epitaxial pyrite thin film was successfully deposited on natural 
pyrite. A photo response more than 5% was detected in pyrite films. Results of the 
resistivity measurements indicated that variable range hopping is the dominant carrier 
transport mechanism in the deposited pyrite thin films.  
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Chapter 5 
CONCLUSIONS 
In conclusion, it is demonstrated that CFAS electrodes with a native Al oxide 
barrier can be used as an injector of spin-polarized electron populations. The growth, 
structure, magnetic characterization, and spin polarization of CFAS thin films were 
systematically studied. A highly ordered L21 structure of CFAS films was achieved by 
growing in a 1-step process at substrate temperatures of more than 350 C. Sputtered 
CFAS thin films prepared with both the 1-step and 2-step process exhibited excellent 
magnetic properties. Using the PCAR method, high spin polarization at the surface of the 
CFAS thin films of over 70%, was detected. The use of an AlOx oxide barrier in 
superconducting/insulator/CFAS structures resulted in mostly direct tunneling, while 
structures with CFAS native oxide barriers did not.  
The ZnGeAs2 PLD growth and thermal decomposition studies showed that the 
substrate temperature needed to achieve high-quality ZnGeAs2 epitaxy is not limited by 
the low sticking coefficients of Zn and As alone but is, in fact, largely determined by the 
kinetic barrier to decomposition. Due to this large kinetic barrier to decomposition, with 
an evaporation coefficient of 10
-4
-10
-2
, high quality films can be grown in the metastable 
regime.  
High-quality pyrite (FeS2) thin films can be synthesized using a layer-by-layer 
growth technique with sequential evaporation of Fe in high-vacuum followed by 
sulfidation at pressures between 1 mTorr and 1 Torr at temperatures between 250 and 450 
C. Additionally, pyrite can be grown epitaxially on natural pyrite substrates. Electrical 
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measurements indicate that the dominant transport in the films produced is by variable-
range hopping and a photo response more than 5% was detected in pyrite films 
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